A B S T R A C T MXenes, two-dimensional (2D) transition metal carbides and nitrides displaying astonishing properties are emerged as a new class of two-dimensional (2D) layered materials. Motivated by the recent successful synthesis of Janus monolayers of transition metal dichalcogenides, we investigated the structural, electronic, magnetic and vibrational properties of Janus structure of pristine ′ M MC and functionalized ′ M MCT 2 (where T = F, O, OH) MXene by means of first-principles calculations. Here ′ M MC as a representative Janus MXene material is designed. The ground state structures of Janus pristine ′ M MC and functionalized ′ M MCT 2 are found in four different configurations. Our calculated electronic band structures indicate that the Janus ′ M MC MXenes are metallic and their functionalized ′
Introduction
The family of two-dimensional (2D) materials has received significant interest over the past decade in the field of material science and engineering [1] [2] [3] [4] [5] [6] [7] . 2D transition metal carbides and carbonitrides, which are known as MXenes, are one of the latest additions to this family [8] [9] [10] . MXenes, incorporating carbon atoms into the metal lattices, possess hydrophilic surfaces [10] , high metallic conductivities (6000-8000 S/cm) [11] , high melting points [12] , high elastic constant [13] , extreme volumetric capacitance (900 F − cm 3 ) [14] and providing remarkable performance in conformal/wearable electronics [15] , optoelectronics [16] , electromagnetic interference shielding [17] and energy storage devices [14] . Since the discovery of titanium carbide (Ti 3 C 2 ) in 2011 [18] , close to 30 MXenes experimentally reported, and dozens more have been studied theoretically, making it one of the fastest growing 2D material family [19, 10] . The theoretical studies were focused on the electronic and electrochemical properties, while the experimental works concentrated on synthesis and characterization. MXenes have been synthesized by selective etching of A layers from the layered ternary transition metal carbides, which are known as MAX phase. The term MAX phases reflects the chemical composition: + M n 1 AX n where n = 1-3 (M 2 AX, M 3 AX 2 , M 4 AX 3 , etc.) "M" indicates early transition metal, "A" represents A-group elements (mostly group 13 and 14) and "X" is C and/or N. Due to strong chemical bonds between A and M elements in MAX phases that make mechanical exfoliation hardy possible, the etching is required. During the etching process, the "A" layer is washed out MAX phase and the surfaces of MXenes are terminated by groups of -O, -F and -OH, represented by T x in this formula as + M n 1 X n Ti n . These materials have a layered hexagonal crystal structure with the P6 3 /mmc symmetry, where M layers are nearly closed packed and X atoms fill the octahedral sites.
Up to date, Mo 2 C [20] [21] [22] , W 2 C [10] , Cr 2 C [23] , Nb 2 C [23, 24] and V 2 C [25] have been synthesized, and theoretically studied [26] [27] [28] [29] . They are the most widely studied compounds among the MXenes. There are several studies that can be cited as example: double-M 2D carbides ( ′ M ″ M Xene) have been synthesized by B. Anasori et al. They have also assumed that the layering due to different size of M atoms will be even more pronounced in theoretically [30, 31] . More than 25 different ordered MXenes (such as Mo 2 VC 2 , Mo 2 NbC 2 , Cr 2 VC 2 , Cr 2 NbC 2 ) have been predicted and found to be energetically more stable than their solidsolution counterparts for certain combinations of transition metals.
The formation of 2D Janus materials that posses different atoms on two faces was achieved for tailoring 2D materials designed at the atomic level. The mirror asymmetry of Janus materials introduces the out-of plane structural symmetry. Very recently, the Janus monolayers of transition metal dichalcogenides, modified the MoS 2 structure as S-Mo-Se sandwiched layers, was successfully synthesized [32, 33] . However, there are few reports on Janus structure of MXenes to date [34, 35] . Due to atomic configuration of transition metal atoms in MXenes, carbon atoms octahedrally located in the environment of the transition metal atoms, Janus structure of MXene would be interesting issue.
The surface functionalization plays the key role of MXenes' electronic, magnetic, and their tunable properties. Some MXenes change from metal to semiconductor upon surface functionalization. Here, the several study provides a guide for researchers who are exploring those properties of MXenes: -OH terminated MXenes offer the nearly free electron states (NFE) near the Fermi level. Their calculation indicated that partially occupied NFE states of the -OH terminated MXenes vanish upon the surface coverage by other 2D systems such as graphene [36] .
Motivated by the reasons discussed above, we have aimed of the exploration of the structural, electronic and magnetic properties of Janus MXenes (pristine and terminated with T = F, O and OH) using a set of first-principles calculations. We determine the properties of the lowest energy state in the geometry of functionalized structures. We show that the pristine Janus structure of MXenes (MoWC, MoCrC, WCrC, VNbC) are dynamically stable at 0 K, and these materials can be synthesized.
Computational methodology
The structural optimization, electronic and magnetic properties were performed based on density functional theory (DFT) as implemented in the Vienna ab initio simulation package (VASP) [37, 38] . The generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) [39] functional was used for exchange and correlation contributions. van der Waals (vdW) correction DFT-D2 proposed by Grimme to describe the long-range vdW interactions [40] .
Janus monolayer ′ M MC was modeled by a pristine ( ′ M MC) and functionalized ( ′ M MCT 2 ) MXene with vacuum region more than 20 Å to avoid interaction between neighboring slabs (see Supplementary information, Fig. 1 ). The energy cutoff was set to be 600 eV. The convergence criterion for the total energy difference between sequential steps in the iterations was taken as − 10 5 eV and the Fermi level Gaussian smearing factor was taken as 0.05 eV. The minimum energy was obtained by varying the lattice constant and the pressure was reduced below 1 kBar. Brilliouin zone (BZ) was integrated with 16 × 16 × 1 Γ kpoint. The electronic band structure calculations were presented more sensitive; the BZ integration was increased to twofold. All calculations were performed taking into account the spin polarized case. Ultrasoft potentials were used to describe the core-valance interaction [41] . Configurations of W-4f 14 5d 4 6s 2 , Mo-4d 5 5s 1 , Nb-4d 4 5s 1 , Cr-3s 2 3p 6 3d 5 4s 1 , V-3s 2 3p 6 3d 3 4s 2 , F-2s 2 2p 5 , O-2s 2 2p 4 , C-2s 2 2p 2 , H-1s 1 and were treated as valence electrons. Moreover, the band structure calculations were also carried out considering the spin-orbit coupling (SOC) effect. In our calculations, there is insignificant or no spin-orbit coupling effect on these Janus MXenes which show metallic character. Rashba spin-orbit coupling in MXenes may investigate in further studies by an external electric field, strain engineering and in many different ways [42] [43] [44] . In our calculations indicated that MoWC and VNbC shows non-magnetic (disappering magnetism) and their minimum energy which calculated with dipol correction, there is no energy differences. Dudarev's GGA + U approach was also introduced to describe the strong-correlation effects in transition-metal atoms [45] . The impact of U values on electronic band structure calculations was studied by changing U values from 2 eV to 5 eV for pristine Janus ′ M MC MXene and functionalized ′ M MCT 2 MXene (see Supplementary information, Fig. 2 ). To check the dynamic stability, we performed the density functional perturbation theory (DFPT) using the small displacement methodology [46, 47] . The force constant matrix was constructed by slight displacements of 4 × 4 × 1 supercell whose BZ was sampled with 6 × 6 × 1 k-point by implementation PHONOPY [48] code. We have also increased the electronic degrees of freedom to 10 −8 eV to ensure a reasonable convergence. Additionally, ab initio molecular dynamics simulations (AIMD) were performed with a 4 × 4 × 1 supercell at 300 K, 600 K and 900 K each step of 2 ps. Because of the huge amount of time consumed in running an AIMD calculation, a k-point mesh of 4 × 4 × 1 was used for the BZ integration.
Results and discussion

Structural and energetic
The ground-state structure of pristine ′ M MC MXene with fully relaxed geometry is found to be hexagonal symmetry, the side and top views of the structure is shown at Fig. 1(a) . Janus ′ M MC MXene structure consists of middle carbon atom covalently bonded two early transition metal atoms (vanadium, tungsten, niobium, chrome or molybdenum) which represented ′ M and M. The early transition metal atoms are located at (1/3,2/3,z) and (2/3,1/3,-z) on the 2d Wyckoff sites, and the C atom is located at (0,0,0) on the 1a Wyckoff site, which resides in the P3m1 space group. [ Fig. 1(b) -(e)]. Different functionalization models are created according to the lattice positions of termination groups [49] . To determine energetically favorable structure, four different configurations are considered. (The rest of results are given in Supplementary information Table 1 .) The calculated lattice constants for the pristine ′ M MC and functionalized ′ M MCT 2 MXene structures with T = F, O, and OH terminations was given in Table 1 . We have determined the most favorable configuration for each system according to their formation energies which are given the following formula:
where 2 and μ T is the chemical potential of the chemisorbed groups, respectively. μ T is taken as 0.00 eV for calculating formation energy, as suggested by Khazaei et al. [49] Table 1 shows the structural properties and formation energies of pristine Janus ′ M MC MXene and four models for terminated ′
, and E f represent the lattice constant, the thickness of ′ M and C atoms, the thickness of M and C atoms, the thickness of ′ M and T atoms, the thickness of M and T atoms, the layer thickness of ′ M and M, and formation energy, respectively. The formation energies of fully surface terminated ′ M MCT 2 are listed in Table 1 . Based on these results we have concluded that -O terminations are energetically more preferred at Janus MoWC, MoCrC, and WCrC, while the F termination is energetically more preferred at Janus VNbC. OH termination is the least favorable one among Janus ′ M MCT 2 MXenes. Additionally, Janus MoWC, VNbC and their surface terminations show nonmagnetic behavior. Janus MoCrC and WCrC show ferromagnetism with -OH terminations, where the magnetic moments are 2.33 and 2.56, respectively. These values are higher than pristine Janus MoCrC and WCrC. 
Electronic properties
It is well-known, Ti 3 C 2 MXene undergoes a metallic to semiconductor transition with the functionalization -F, -O or -OH terminal groups. Zhang et al. have deeply analyzed the electronic properties of monolayer Mo 2 C and its functionalized ones [50] . They have improved that for chalcogen functionalized monolayer Mo 2 C, its superconductivity can be modified.
The electronic band structures of pristine Janus ′ M MC and four models for terminated ′ M MCT 2 was carried out spin-polarized DFT calculations. Calculations also included spin-orbit coupling (SOC) interactions showed that there is negligible SOC effect on MoCrC and VNbC MXenes and their surface functionalizations. In our calculations reveal spin polarized state have the lower energies than spin-unpolarized state for Janus pristine ′ M MC. We have additionally computed electronic properties of these MXenes either GGA + U or HSE06 functional to provide accurate band structure [see Supplementary information, Figs. 2 and 3 ]. As shown in the Fig. 2 , metallic band structure of the Janus MoWC was obtained, and it keeps the metallic behavior in -F and -OH surface termination. O functionalization shows semiconductor behavior.
In order to shed light on the electronic properties of pristine Janus ′ M MC MXene and surface terminated ′ M MCT 2 , we have focused on pristine Janus MoWC MXene and its -O surface termination. We have calculated the spin-polarized partial density of states (PDOS) of the MoWC and MoWCO 2 [see Supplementary information, Fig. 4 ]. For the Janus MoWC monolayers, the main contribution near the Fermi level comes from the Mo and W atoms 3d orbitals, while hybridization between the Mo and W atoms 3d orbital and the C 2p orbital occurs from −2.0 to −7.0 eV below the Fermi level. On the other hand, for O terminated Janus MoWCO 2 , O 2p orbital dramatically effected contribution near the Fermi level. This result indicates that -O terminated MoWCO 2 can displays semiconductor behavior while the Janus MoWC MXene is metallic. According to our best knowledge, there is no experimental evidence of electronic properties for these structures.
Vibrational and thermal properties
The analysis of the vibrational properties allows deducing the dynamical stability of the new predicted structures. In this section, we have examined the phonon dispersion diagram of Janus pristine ′ M MC by calculating the corresponding phonon band structure through the whole BZ. The phonon dispersion curves calculated along the high symmetry points (Γ, M, K). As shown in Fig. 3 , Janus pristine ′ M MC MXenes are dynamically stable with no imaginary frequencies. The vibrational phonon mode frequencies at the Γ point were calculated using the finite-difference method as implemented in VASP. Janus pristine ′ M MC are composed of three atoms (two transition metal atoms and one carbon atom) within the primitive unit cell. Thereby, from the detailed analysis of the phonon spectra, the 9 phonon modes are inferred as 3 acoustical and 6 optical branches as illustrated in Fig. 3 . There are 3 acoustical modes which are doubly degenerate the in-plane transverse acoustical (TA) and the in-plane longitudinal acoustical (LA) phonon branch at the Γ point of pristine Janus ′ M MC MXene. Basically, the Raman theory deal with inelastically scattered photon originates from the oscillating dipoles of the crystal correspond to the Raman active vibrational modes of the crystal. Raman active phonon modes of novel monolayer 2D materials are critical for new predicted materials. According to our best knowledge, there is no study, which covers dynamical properties with Raman active frequencies for these structures. Raman spectrum of MXene possess D h 3 point-group symmetry with 5 Raman active modes. E g 1 which is doubly degenerated Raman active modes have in-plane optical phonon modes. Out-of plane optical mode A g 1 is Raman active. Another out-of plane optical mode, A g 2 is the only Raman inactive mode. The Raman active frequencies are calculated for dynamically stable structure as shown in Table 2 . It is clearly show that MoWc, MoCrC, WCrC, and NbVC are dynamically stable, and the synthesis of the Janus structure is possible as a freestanding single layer.
Additionally, thermal stability of Janus ′ M MC MXenes are further examined by the ab-initio molecular dynamic (AIMD) simulations. The calculations are carried out on a 4×4×1 supercell which containing 48 atoms and 4×4×1 k-points. The thermal dynamic investigations started with the optimized structure of Janus ′ M MC MXene at 0 K. The temperature was gradually increased to 900 K with 300 K steps for simulation time of 2 ps. The snapshots of the atomic structure at the end of the each simulation in the every temperature steps are given as Fig. 4 . Apart from small fluctuations, their crystal structure remains stable at the each temperature which indicating their dynamic stabilities. Our results show that they are promising monolayer materials with good thermal stability.
Conclusions
In conclusion, we investigated a comparative study on the structural, electronic, magnetic and dynamical properties of pristine Janus The present study suggests that the magnetic properties of Janus MXene can be tuned by surface-functionalization. The electronic structures of Janus pristine MXenes are found as metallic feature. Furthermore, the electronic properties of Janus pristine MXenes are negligible changing by surface termination with -F and -OH. We have also showed semiconductor and half-metallic electronic properties of MoWC, MoCrC and WCrC with -O, and VNbC with -F surface functionalization using HSE06 functional. Vibrational properties of Janus MXenes were carried out with the aim to understand and characterize the origin of the Raman-active peaks. AIMD calculations suggest that they possess good thermal stability, and could hold their structure up to temperature of 900 K. We have demonstrated that Janus MXenes (MoWC, MoCrC, WCrC and VNbC) as possible to synthesize in future experiments. We expect that our theoretical study will stimulate further experimental research on this material in the future. The present findings will promote more interest in thoughts in developing MXenes that new family member of 2D material. 
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